Adipocyte differentiation consists of a complex series of events in which scores of cellular and extracellular factors interact to transform a fibroblast-like preadipocyte into a mature, lipid-filled adipocyte. Many of the pathways influencing this process have been identified using wellcharacterized preadipocyte culture systems and have subsequently been confirmed in animal models. Research conducted over the last decade has established the Wnt/β-catenin signaling pathway as an important regulator of adipocyte differentiation. While initial reports implicated activators of Wnt/ β-catenin signaling as potent inhibitors of adipogenesis, recent investigations of mesenchymal cell fate, obesity, and type 2 diabetes highlight significant additional roles for Wnt signaling in metabolism and adipocyte biology.
Introduction
Adipogenesis is the process by which mesenchymal precursor cells differentiate into adipocytes, which store lipid and serve as central regulators of metabolism [1] [2] [3] . Identifying key factors that control adipocyte differentiation and metabolism is vital to understanding adipose tissue biology and pathology. The transcriptional cascade controlling adipogenesis has been well characterized over the past two decades and mechanisms by which master adipocyte regulators act are now beginning to be fully elucidated. Peroxisome proliferator-activated receptor γ (PPARγ) and CCAAT/enhancer binding protein α (C/EBPα) are the chief regulators thought to coordinately direct the adipogenic program. PPARγ is both necessary and sufficient for preadipocyte differentiation [1] , while C/EBPα appears to be important for the acquisition of insulin sensitivity in adipocytes [4] . The current state of research on these important transcriptional regulators has been recently reviewed elsewhere [2, 3] .
Transcription factors that control the cascade of events leading to a fully differentiated adipocyte act downstream of complex signaling pathways that integrate signals from the surrounding microenvironment. Over the past several years, the field of adipogenesis has seen an upsurge in the number of reports implicating locally secreted or circulating extracellular factors as regulators of preadipocyte differentiation [3] . One of the extracellular signaling pathways now known to affect adipogenesis is the Wnt pathway. Wnts are an evolutionarily conserved family of secreted lipidated glycoproteins with well-established roles in cellular proliferation, differentiation, and polarity during embryogenesis [5, 6] . More recently, Wnt signaling has been shown to modulate additional developmental and physiological processes, including aspects of adipocyte biology [7] [8] [9] [10] [11] . In this review, we provide an overview of the research revealing a principal role for Wnt signaling in adipogenesis. We present a brief chronology of the studies demonstrating Wnt inhibition of adipocyte differentiation in vitro and in vivo, culminating with the recent linkages of Wnt pathway members to human diseases including obesity and type 2 diabetes. Finally, we examine the latest reports providing mechanistic insight into how Wnt signaling functions to block adipogenesis and regulate mesenchymal cell fate.
Wnt signaling regulates adipogenesis in vitro and in vivo
Wnts are secreted proteins that act though autocrine and paracrine mechanisms to influence the development of many cell types [5, 6] . Although Wnts can inhibit preadipocyte differentiation through both β-catenin-dependent and -independent mechanisms [12] , current genetic evidence supports β-catenin as a particularly crucial regulator of adipogenesis [13] . In the canonical Wnt signaling pathway, β-catenin plays a central role as a transcriptional coactivator. Upon binding of Wnt ligands to frizzled receptors and low density lipoprotein receptor-related protein (LRP) coreceptors, cytoplasmic β-catenin is hypophosphorylated, stabilized, and translocated into the nucleus where it binds to and coactivates members of the T-cell factor/lymphoid-enhancing factor (TCF/LEF) family of transcription factors to direct target gene expression (Fig. 1) .
In vitro
Studies utilizing preadipocyte lines originally demonstrated that ectopic expression of Wnt1, an activator of Wnt/β-catenin signaling, potently represses adipogenesis (Fig. 1) [7, 11] . Similarly, pharmacological agents that activate canonical Wnt signaling and stabilize free cytosolic β-catenin also block preadipocyte differentiation [7, 8] . Conversely, inhibition of Wnt signaling in preadipocytes stimulates differentiation [7, 8, [14] [15] [16] , suggesting that preadipocytes produce endogenous Wnts that strongly repress adipogenesis. One endogenous factor is Wnt10b, expression of which is high in dividing and confluent preadipocytes and is rapidly downregulated in response to elevated cAMP during induction of differentiation [7, 8] . Furthermore, constitutive expression of Wnt10b stabilizes free cytosolic β-catenin and inhibits adipogenesis ( Fig. 1 ) [7] . While considerable evidence suggests that Wnt10b is a prominent extracellular regulator of adipogenesis, other Wnt ligands are also expressed and likely contribute to the process. For example, Wnt6 and Wnt10a have been identified as endogenous regulators of brown adipocyte development [17, 18] . Additionally, Wnt5b is transiently induced during adipogenesis and acts through an unknown mechanism to destabilize β-catenin and promote differentiation [19, 20] , indicating that preadipocytes integrate inputs from a variety of competing Wnt signals (Fig. 1) . One of the mechanisms by which Wnt/β-catenin signaling inhibits adipogenesis is thought to involve dysregulated expression of cyclin dependent kinase inhibitors, p21 and p27 [21] .
Adipogenesis is regulated not only by expression of specific Wnt ligands, but also by expression of factors that inhibit the Wnt/β-catenin pathway. For example, Li et al. recently reported that a nuclear β-catenin antagonist, chibby (Cby), is expressed in adipose tissue and is induced during differentiation of 3T3-L1 preadipocytes ( Fig. 1 ) [14] . Cby binds the Cterminal portion of β-catenin and blocks interaction with TCF/LEF transcription factors, thus repressing β-catenin-mediated transcriptional activation [22] . Ectopic expression of Cby in 3T3-L1 cells induces spontaneous differentiation into mature adipocytes, while depletion of Cby stimulates β-catenin activity and blocks differentiation of both 3T3-L1 preadipocytes and mouse embryonic stem cells [14] . In harmony with these findings, another inhibitor of Wnt/ β-catenin signaling, Dickkopf-1, is transiently expressed during human adipogenesis, and promotes differentiation of 3T3-L1 cells (Fig. 1) [16] .
In vivo
In accordance with its expression during adipogenesis in vitro, Wnt10b is highly expressed in stromal vascular cells, which are enriched for preadipocytes, but not in mature adipocytes. While there is no evidence that a deficiency of Wnt10b in mice alters adipose tissue development, overexpression of Wnt10b in adipose tissues causes a 50% reduction in adiposity under standard laboratory conditions [9] , and these mice resist expansion of adipose tissue under conditions of diet-induced and genetic obesity [9, 10] . Mice expressing the Wnt10b transgene also show improved glucose homeostasis and increased insulin sensitivity [9, 10] . Interestingly, expression of Wnt10b either blocks brown adipose tissue development, or stimulates its conversion to white adipose tissue, depending upon promoter usage [9, 23] .
Regulated expression of endogenous inhibitors of Wnt signaling may also be important for modulating Wnt activity in vivo. For example, expression of secreted frizzled-related protein (SFRP) 2, a putative extracellular Wnt inhibitor, is elevated in visceral adipose tissue compared to subcutaneous depots [24] . Two additional inhibitors of the Wnt pathway, SFRP5 and naked1, were recently found to be expressed in mature adipocytes and are positively correlated with increasing adiposity (Fig. 1) [25] . Furthermore, male mice deficient in SFRP1 show a 22% decrease in percent body fat [26] while elevated levels of SFRP1 are observed in individuals that display enhanced orbital adipogenesis associated with Graves' ophthalmopathy [27] . More research is needed to determine mechanisms by which SFRPs function in adipose tissue biology as recent studies suggest that these factors may also have functions independent of Wnt inhibition [28] [29] [30] .
Wnt/β-catenin signaling and human metabolic disorders
The importance of Wnt signaling in human health is illustrated by recent genetic research implicating members of the Wnt/β-catenin pathway in metabolic diseases. For example, polymorphisms of the Wnt10b and LRP5 genes may be associated with obesity in populations of European origin [31, 32] while a mutation in LRP6 has been correlated with early coronary disease and multiple metabolic risk factors, including hyperlipidemia [33] . Furthermore, Wnt5b and transcription factor 7-like 2 (TCF7L2; formerly TCF4) variants have been linked to type 2 diabetes in ethnically diverse populations [19, 34] . Following the initial report in which Grant et al. identified a link between TCF7L2 polymorphisms and susceptibility to type 2 diabetes in Icelandic, Danish, and U.S. cohorts [34] , a number of studies were subsequently conducted that confirmed and extended this finding. Cohorts analyzed in the U.K., Finland, France, and Sweden demonstrated that variation in the TCF7L2 genomic region does indeed affect the risk for developing type 2 diabetes in these populations [35] [36] [37] [38] . Within the U.S., polymorphisms in TCF7L2 were found to be associated with type 2 diabetes in large cohorts of both men and women across different ethnic backgrounds [39] [40] [41] . The mechanism by which the TCF7L2 gene is related to risk of type 2 diabetes remains unknown. However, because Wnt signals through TCF7L2 to activate glucagon-like peptide 1 [42] , a putative mechanism in which altered levels of glucagon-like peptide 1 influence insulin secretion from pancreatic β-cells has been proposed [34] . Indeed, the reduction of insulin secretion observed in individuals harboring these polymorphisms is consistent with this hypothesis [43] . Additional studies will be required to determine the precise role of altered Wnt signaling in the pathogenesis of type 2 diabetes and other metabolic disorders, and to establish whether primary defects in adipose tissue are involved.
Recent advances in Wnt/β-catenin-mediated effects on adipogenesis

Regulation of mesenchymal cell fate
Current research is focused on delineating mechanisms by which Wnt signaling influences developmental and physiological processes, with considerable progress made on the role of Wnt signaling in mesenchymal stem cells. Multipotent precursors of the mesenchymal lineage possess the ability to differentiate into various cell types including osteoblasts and adipocytes [44] . In these cells, activation of Wnt/β-catenin signaling stimulates osteoblastogenesis and inhibits adipogenesis by modulating the relative levels of cell type specific transcription factors [45] . While early reports indicated that Wnt signaling prevents induction of the master adipogenic regulators C/EBPα and PPARγ during preadipocyte differentiation, recent research demonstrates that transient activation of Wnt/β-catenin signaling rapidly suppresses these factors in bipotential ST2 cells, and that this suppression precedes the Wnt-induced increase in osteoblastogenic transcription factors [46] . Thus, while expression of inhibitory Wnts does not influence induction of the early adipogenic factors C/EBPβ or C/EBPδ [7, 45, 46] , repression of C/EBPα and PPARγ appears to be a primary mechanism by which Wnt signaling controls mesenchymal cell fate. Farmer and colleagues have observed an additional relationship between β-catenin and PPARγ in which these two factors functionally interact to negatively regulate each other's activity (Fig. 1) [47, 48] .
Wnt/β-catenin signaling has also been implicated in the balance between adipogenesis and myogenesis. Specifically, loss of Wnt10b in vivo owing to aging or targeted deletion leads to increased adipogenic potential of myoblasts and the acquisition of adipocyte characteristics during muscle regeneration [49, 50] . Furthermore, conditional deletion of β-catenin in the developing mouse myometrium results in its conversion to adipose tissue [13] , providing compelling evidence that the Wnt/β-catenin pathway is an important regulator of adipogenesis and mesenchymal cell fate in vivo.
β-catenin as a central mechanism for inhibiting adipogenesis
Although β-catenin was initially thought to function exclusively as a Wnt effector, it is now clear that binding occurs between β-catenin and signaling factors in other pathways, and that these interactions are important for cellular processes including adipogenesis. For example, Cawthorn et al. demonstrated that suppression of C/EBPα and PPARγ by TNFα coincides with enhanced expression of several downstream targets of Wnt/β-catenin signaling (Fig. 1) [51] . Indeed, the authors reported that TCF7L2-dependent transcriptional activity is enhanced and β-catenin is stabilized during inhibition of adipogenesis by TNFα. Although stabilization of β-catenin still occurred, expression of dominant-negative TCF7L2 completely blocked the inhibition of adipogenesis by TNFα, providing further support for downstream effectors of the Wnt pathway mediating cytokine-induced inhibition of differentiation [51, 52] .
Additional evidence of a central role for the Wnt/β-catenin pathway in adipogenesis comes from studies on liganded nuclear receptors. In response to testosterone, androgen receptor binds β-catenin and shuttles it into the nucleus where it interacts with TCF/LEF transcription factors to inhibit adipogenesis (Fig. 1) [53] . A distinct mechanism exists for the vitamin D receptor, which inhibits adipogenesis in bone marrow stromal cells at least in part by suppressing the expression of dickkopf-1 and SFRP2, secreted inhibitors of Wnt/β-catenin signaling [54] . Thus diverse signaling mechanisms converge on the Wnt/β-catenin pathway directly through interaction with β-catenin, or indirectly through regulated expression of factors that modulate Wnt/β-catenin signaling. These data suggest that the Wnt/β-catenin pathway represents a major axis upon which various signals converge to influence preadipocyte differentiation.
Conclusions
Since the initial report that Wnt/β-catenin signaling potently inhibits adipogenesis in cell culture models, there have been numerous advances illustrating the importance of this regulatory pathway in directing the fate of mesenchymal precursors. While progress has been made with regard to the mechanisms underlying Wnt's inhibition of adipogenesis and stimulation of osteoblastogenesis, questions remain that must be addressed to fully understand the roles of Wnt signaling in adipose tissue and bone biology. Of particular importance will be studies aimed at understanding the cascade of events that occurs following activation of TCF/LEF by β-catenin. Future experiments will provide insight into whether the Wnt/β-catenin pathway is a viable target to improve human health. Wnt/β-catenin signaling in preadipocytes is initiated by expression of Wnt10b, Wnt10a, and Wnt6. Binding of these Wnts to transmembrane frizzled receptors and LRP coreceptors inhibits GSK3β leading to hypophosphorylation and stabilization of β-catenin in the cytoplasm. β-catenin is then translocated to the nucleus where it binds TCF/LEF transcription factors and activates downstream targets to inhibit preadipocyte differentiation. Factors from other inhibitory pathways converge on the Wnt/β-catenin pathway to block adipocyte conversion. TNFα signals through its receptor, TNFα receptor-1, to stabilize β-catenin and activate downstream pathways. Testosterone inhibits adipogenesis in part by stimulating interactions between androgen receptor and β-catenin. This complex travels to the nucleus to promote β-catenin-mediated gene transcription. DKK1 and Wnt5b are transiently induced during adipogenesis and stimulate preadipocyte differentiation. DKK1 prevents Wnt signaling by inhibiting LRP coreceptors, while Wnt5b promotes differentiation through an unknown mechanism. As adipogenesis proceeds, the expression of another Wnt inhibitor, Cby, is induced. Cby binds β-catenin in the nucleus and prevents coactivation of TCF/LEF transcription factors. Finally, binding of β-catenin to PPARγ leads to rapid degradation of β-catenin through a mechanism that involves the proteosome. (−) indicates factors that inhibit preadipocyte differentiation and (+) denotes factors that stimulate the process.
